Introduction
A rapidly growing number of studies have examined the role of the default network in various aspects of cognition ). The default network was first identified by taskinduced deactivations (Shulman et al. 1997; Raichle et al. 2001) and has since been well-characterized by resting-state functional connectivity MRI (rsfcMRI; Greicius et al. 2003) , a method that examines spontaneous blood oxygen level--dependent (BOLD) signal fluctuations across the brain, revealing distinct and dissociable functional--anatomic networks (Biswal et al. 1995; Fox and Raichle 2007) . The default network is an integrated system of regions including medial prefrontal cortex (MPFC), posterior cingulate cortex (PCC), superior frontal gyrus (SFG), medial and lateral temporal lobes, and the posterior extent of the inferior parietal lobule (pIPL) . Mounting evidence shows that the default network plays a role in such internally focused processes as autobiographical memory, imagining the future, and social cognition Buckner et al. 2008; Spreng et al. 2009; Andrews-Hanna forthcoming) .
Tasks that demand attention to the external environment suppress activity in the default network. Externally focused attention reliably engages the ''attention network,'' consisting of dorsolateral prefrontal cortex, frontal eye fields (FEFs), inferior precentral sulcus (iPreCS), middle temporal motion complex (MT+), and superior parietal lobule (SPL) (Corbetta and Shulman 2002) . The attention and default networks have an intrinsic competitive relationship (Kelly et al. 2008 ): engagement of one network suppresses activity of the other (McKiernan et al. 2003) . This observation led to the assumption that the default network is deactivated by goal-directed behavior. However, recent evidence shows that the default network is involved in goal-directed autobiographical planning, problem-solving, evaluating one's creative work, and recollection related to the self. These processes are facilitated by taskdependent changes in large-scale network dynamics, whereby default network structures couple their activity with a network of regions associated with cognitive control (Spreng, Stevens, et al. 2010; Gerlach et al. 2011; St. Jacques et al. 2011; Ellamil et al. forthcoming) .
The ''control network'' facilitates the ability to rapidly adapt thoughts and behaviors to changing internal states and evolving external environments. Cognitive control mechanisms promote mental flexibility by facilitating goal-directed actions and suppressing inappropriate ones (c.f. Braver et al. 2009 ). The regions of the control network include rostrolateral prefrontal cortex (RLPFC), middle frontal gyrus (MFG), precuneus (PCu), the anterior extent of the inferior parietal lobule (aIPL), dorsal anterior cingulate (dACC), and the anterior insula (aINS) (Vincent et al. 2008; Spreng, Stevens, et al. 2010) . Characterization of the control network using seed-based rsfcMRI is consistent with the central executive network identified by independent components analysis (ICA) and includes connectivity to the aINS and dACC, key regions of the salience network (Seeley et al. 2007; Menon and Uddin 2010) . The control network is anatomically interposed between the attention and default networks and may facilitate competition between them.
A fundamental issue in neurocognitive aging research concerns the function of the default network in healthy aging and changes in its interactions with other large-scale brain networks. There is a growing consensus that old adults ''fail to deactivate'' the default network during many cognitive tasks compared with fixation (Lustig et al. 2003; Grady et al. 2006; Persson et al. 2007; Park et al. 2010; Sambataro et al. 2010) . While young adults show a robust reduction in default network activity during attention driven tasks, old adults tend to not show this suppression. The reason for this difference is unclear, although it is generally interpreted as a deficit in the functional integrity of the default network or in its regulation. In addition to differences in relative deactivation, age-related differences in functional connectivity within the default network have been examined. Several studies have reported reduced functional connectivity within the default network (Andrew-Hanna et al. 2007; Damoiseaux et al. 2008 ; Grady et al. 2010; Sambataro et al. 2010 ).
However, age-related differences in interregional connectivity within the default network have not been reliably observed across tasks (Park et al. 2010) or analytic approaches (Koch et al. 2010) .
It is essential to examine the integrity of a brain network by using tasks that engage it, yet few studies have directly compared young and old adults using tasks that elicit the cognitive processes known to engage the default network. Although fixation reliably engages the default network, it is an unconstrained condition and may therefore be treated differently by young and old by virtue of old adults' reduced propensity for mind wandering (e.g., Giambra 1989; Jackson and Balota forthcoming). During tasks that require self-and other-referential processing, comparable activity has been observed in young and old adults within the default network. In studies that examined imagining personal future events and/or autobiographical remembering in young and old adults, both groups recruited core default network structures, including the PCC, MPFC, pIPL, and medial temporal lobes (Maguire and Frith 2003; Addis et al. 2011; St. Jacques et al. forthcoming; St. Laurent et al. forthcoming; see also Viard et al. 2011 ). Yet, there has been a lack of convergence in the age-related differences reported across these studies. In a study examining thoughts about future hopes and duties, old adults showed attenuated, yet reliable, medial activity compared to the young (Mitchell et al. 2009 ). During tasks that require self-and other-referential processing, comparable activity has been observed within the default network and MPFC in particular, with age-related changes in the dACC (Gutchess et al. 2007 ; but see Gutchess et al. 2010) , a region associated with the control network. There is also little knowledge about agerelated changes in large-scale network interactions. Sambataro et al. (2010) showed that old adults had greater coupling between PCC, a key node of the default network, and MFG regions associated with the control network, during performance on an n-back task. However, no studies have examined network interactions in old adults using tasks known to fully engage the default network.
In order to examine default, attention, and control network dynamics, we recently assessed patterns of brain activation in young adults during performance of a novel autobiographical planning task and a well-characterized test of visuospatial planning, the Tower of London. Autobiographical planning engaged the default network, whereas visuospatial planning engaged the attention network, consistent with the anticorrelated domains of internalized and externalized cognition. The control network was engaged for all goal-directed planning, independent of task domain. A task-related functional connectivity analysis suggested that the control network flexibly couples with either the default or the attention networks in support of goal-directed cognition (Spreng, Stevens, et al. 2010) .
These findings provide a basis for a novel investigation of age-related changes in network activity and their interactions. In the current study, we extended the approach developed in our previous study of autobiographical and visuospatial planning in young adults. Here, we examine the impact of age on the functional recruitment of the default, attention, and control networks using a multivariate analysis and network based regions of interest (ROI) derived from rsfcMRI maps. By examining default network deactivation in an externally driven task (Tower of London) and in an internally focused task (autobiographical planning) within the same sample, we provide a more complete picture of default network function in healthy aging. By examining the dynamic coupling of these large-scale brain networks, we provide evidence for changes in neural network flexibility with age.
Materials and Methods
Participants were 18 young adults (mean age 22.8 ± 2.4 years, range 19--27, 9 women) and 18 old adults (mean age 71.4 ± 4.0 years, range 63--78, 9 women) with normal or corrected-to-normal visual acuity, and no history of psychiatric, neurological, or other medical illness that could compromise cognitive functions. Most participants were right-handed; one male in each group was left-handed. Years of education were equivalent between groups (young = 15.9 ± 1.9 years; old = 15.9 ± 1.1 years). Old adults were high functioning, with a healthy mental status (Mini Mental Status Examination > 27; mean = 28.4 ± 1.5) and not depressed (Geriatric Depression Scale < 3.0; mean = 0.8 ± 0.9). All participants gave written informed consent in accordance with the Harvard Institutional Review Board.
Tasks
Using a standard Tower of London testing protocol (Fig. 1) , visuospatial planning was investigated by presenting participants with 2 configurations on a single screen: the ''goal'' position and the ''initial'' position. Figure 1 . Task stimuli. For the visuospatial planning condition, participants performed the Tower of London task. In this condition, participants saw the goal configuration for 5 s, then the start configuration for a maximum of 20 s, and determined the minimum number of moves to match the start with the goal configuration. Participants then indicated the minimum number of moves to solve the puzzle. In the autobiographical planning task condition, participants were presented with a goal state, followed by a combination of 2 steps and an obstacle related to that goal printed in the discs. Participants integrated the steps and obstacle into a realistic and coherent personal plan, involving them, to reach that goal in their life. In this example, participants interpreted the goal ''Exercise'' for 5 s. For up to 20 s, participants integrated the steps ''make routine,'' ''walk more'' as well as the obstacle ''avoid injury'' into a plan to exercise. Next, participants rated the level of detail in their plan. In the vowel counting condition, participants were informed they would count vowels, then random letter sequences appeared in the discs. Next, participants indicated the number of vowels counted. If participants completed any of the tasks prior to 20 s, a button was pressed and the screen advanced to the rating screen. Remaining time was added to the intertrial interval.
Both configurations consisted of 3 equally sized colored discs placed on 3 vertical rods. The objective of this task was for the participant to determine the minimum number of moves to accomplish the goal state. Participants were informed that only one disc could be moved at a time, and it can only be the top disc on each rod. Sometimes counterintuitive moves are necessary to reach the goal. A button was pressed when the lowest number of moves is determined. All subjects were initially trained with a physical Tower of London apparatus and demonstrated mastery of the rules prior to practice on a digital version of the task, which was also presented in the scanner.
The autobiographical planning task was experimentally matched to the original Tower of London but involved sequencing stages and overcoming obstacles in order to accomplish real-world personal goals. To establish the validity of the target goals and the cued planning stages, we collected behavioral data concerning personal life goals, steps, and obstacles from an independent sample of young and old adults that was matched in age and education to the group to be scanned and were able to generate items appropriate to both young and old adults (e.g., exercise, travel, and scheduling health care visits). The experiment was configured such that subjects saw the goal on the bottom of the screen followed by a display of the initial position in the planning sequence on the top of the screen. The initial position was a presentation of cue words within the Tower of London discs representing the steps and obstacles involved in accomplishing the goal. Subjects engaged in autobiographical plan formation by sequencing the information in the initial position into a coherent narrative (i.e., devising a means to personally achieve the goal). A button was pressed upon completion of the sequence of plans, which ended the trial. An important methodological caveat is that unlike for the Tower of London, there is no single objectively correct procedure for the autobiographical planning task. Therefore, reliable performance was developed through 1) piloting instructions and monitoring verbal protocols of pilot subjects, 2) prescan training, and 3) postscan verification of compliance. In both tasks, the experimenter provides the goal state. In order to complete the task, subjects form a plan while manipulating and ordering information online. The organization of information to attain the goal involves recognition of the current state and planning the intervening stages (movement of the disc/sequencing of steps). A key difference, however, is that the original task involves nonpersonal visuospatial planning, whereas the autobiographical condition involves planning of one's personal future. For a comparison condition, we used a counting task adapted from previous studies of both autobiographical memory (Maguire and Frith 2003) and the Tower of London (van den Huevel et al. 2003; Wagner et al. 2006) . In this control condition, the goal state was replaced with the instruction to count vowels, followed by the appearance of random letter sequences in the discs during the execution phase. Participants were scanned during the pseudorandom presentation of Tower of London, autobiographical planning, and counting trials in 6 experimental runs. Each run consisted of 12 trials and 4 from each condition. For each trial, the start position was presented by itself for 5 s to orient the participant to the goal. The goal position and the initial position were then paired in the self-paced execution phase of the trial for a maximum of 20 s. Participants then had 5 s to make a button press response indicating a multiple choice selection for the minimum number of moves to solve the Tower of London task, the extent of detail to their autobiographical plan, or the number of vowels counted. After the scan, participants were interviewed about their autobiographical goals to establish compliance with the task. Estimated time to goal completion (i.e., approximate calendar date) was determined for each goal. Additionally, each goal was rated for confidence in completion, novelty of the plan, difficulty in making a plan, and difficulty to actually fulfill the goal. All 3 tasks were implemented in the scanner following procedures established previously in young adults (Spreng, Stevens, et al. 2010) .
MRI Data Collection and Preprocessing
Brain imaging data were acquired with a 3.0-T Siemens TimTrio MRI scanner with a 32-channel head coil. Anatomical scans were acquired using a T 1 -weighted multiecho volumetric MRI (time repetition [TR] = 2530 ms; time echo [TE's] = 1.64, 7.22 ms; 7°flip angle; 1.0-mm isotropic voxels). Six 7-min task BOLD functional scans were acquired with a T Ã 2 -weighted EPI pulse sequence (TR = 2500 ms; TE = 30 ms; 85°fl ip angle; 39 axial slices parallel to the plane of the anterior commissure--posterior commissure; 3.0 3 3.0 3 2.5 mm voxels with a 0.5-mm skip). An additional 6 min 12 s resting state BOLD scan was acquired in a darkened room with participants' eyes open with a T Ã 2 -weighted EPI pulse sequence (TR = 3000 ms; TE = 30 ms; 85°flip angle; 47 axial slices parallel to the plane of the anterior commissure--posterior commissure; 3.0-mm isotropic voxels).
All functional magnetic resonance imaging (fMRI) data were preprocessed using SPM2 (Wellcome Department of Cognitive Neurology, London, UK). The first 4 volumes in each run were excluded from analyses to allow for T 1 -equilibration effects. Data were corrected for slice-dependent time shifts and for head motion within and across runs using a rigid body correction. In order to compare brain data across age groups, all data were normalized to a combined young--old brain template that approximated Montreal Neurological Institute (MNI) atlas space. This target template included the variation of the population under study (e.g., blurring of the ventricular boundaries due to inclusion of unatrophied young and atrophic old adults), thus facilitating valid between-group comparison ). The volumetric time series was then resampled at 2-mm cubic voxels and spatially smoothed with an 8-mm full-width half-maximum Gaussian kernel. All coordinates are reported in MNI space.
The resting-state data were subjected to additional preprocessing steps described previously (Vincent et al. 2006; Van Dijk et al. 2010 ). First, a temporal low-pass filter was applied to the atlas-aligned BOLD data, retaining signal with frequency range less than 0.08 Hz. Then, sources of variance of noninterest were removed from the data by regressing the following nuisance variables (in addition to first temporal derivatives of each): the 6 motion parameters obtained during the motion correction procedure, the mean whole-brain signal, the mean signal from the lateral ventricles, and the mean signal from a region within the deep cerebral white matter.
Behavioral Analysis
Behavioral responses collected in the scanner and postscan interview data for the autobiographical planning condition were analyzed with independent sample's t-tests. RT was analyzed with a mixed design 3 3 2 analysis of variance (ANOVA) with condition as a within-and group a between-subject factor.
fMRI Data Analysis
The analysis of neuroimaging data was conducted in 5 stages, consistent with our previous approach to assessing network activity and coupling (Spreng, Stevens, et al. 2010) . 1) Task-based analyses were performed using the multivariate technique partial least squares (PLS), which is sensitive to distributed network activity (McIntosh et al. 2004) . PLS determines a set of orthogonal latent variables that optimally relate BOLD signal and the experimental design. The statistical significance of the detected patterns is assessed through permutation testing while the reliability is determined in an independent step by iterative bootstrap resampling with replacement. 2) To assess whether the pattern of network activity during task performance was consistent with prior characterizations of relevant intrinsic connectivity networks, we replicated the default, attention, and control networks from a resting scan. Correlation of spontaneous BOLD fluctuations in a given seed region with all other brain voxels reveals distinct and dissociable functional--anatomic networks (Biswal et al. 1995; Vincent et al. 2006; Fox and Raichle 2007). 3) The intrinsic connectivity networks were then used as regions of interest (ROIs) to determine task-related percent BOLD signal change within them. 4) Next, we assessed the flexibility of coupling between the default and attention networks with control network activity for both groups during the planning tasks. Coupling was assessed by calculating the correlation of the BOLD signal time course between the default and attention networks with the control network, as defined by the rsfcMRI maps, during the planning tasks. 5) Finally, we explicitly examined age-related correlates of brain activity by incorporating age in a multivariate ''behavior'' PLS analysis. Partial Least Squares PLS is a multivariate functional neuroimaging analysis technique used to identify whole-brain patterns of activity that are correlated with tasks. PLS is a robustly validated (McIntosh et al. 2004; Krishnan et al. 2011) and widely used analysis technique that has also been used extensively to assess age-related changes in neural activity (e.g., Grady et al. 2006 Grady et al. , 2010 Stevens et al. 2008) . PLS is sensitive to a distributed voxel response, rather than the activity of individual voxels per se, and assesses the covariance between brain voxels (BOLD signal) and the experimental design to identify a limited number of orthogonal components (latent variables, LVs) that optimally relate the two. This data-driven approach is similar to principle components analysis in that it determines orthogonal whole-brain patterns of activity. Unlike principle components analysis, the number of LVs is constrained by the experimental conditions. Unlike standard univariate analyses that examine the activity of any single voxel independently, PLS detects brain-wide systems that covary with the experimental design.
Each trial was treated as a block, and duration was determined by trial length. For each condition, activity for each voxel was normalized to activity at the onset of the block and averaged across blocks. The data matrix was then expressed as a voxel-by-voxel deviation from the grand mean across the entire experiment. This matrix is then analyzed with singular value decomposition to derive the optimal effects in the data. Here, we applied PLS analysis to block fMRI data, and the results provide a set of brain regions wherein activity is reliably related to the task conditions for each LV. Each brain voxel is given a singular value weight, known as a salience (akin to a component loading in principle components analysis), which is proportional to the covariance of activity with the task contrast on each LV. Multiplying the salience by the BOLD signal value in that voxel and summing the product across all voxels gives a composite brain activity score for each participant on a given LV (like a component score in principal components analysis). These scores can be used to examine similarities and differences in brain activity across conditions, as greater activity in brain areas with positive (or negative) weights on an LV will yield positive (or negative) mean scores for a given condition. Confidence intervals (95%) for the mean composite brain activity score in each condition and group were calculated from the bootstrap, and differences in activity between conditions were determined via a lack of overlap in these confidence intervals.
The significance of each LV as a whole was determined by permutation testing, using 2500 permutations. This was accomplished by randomly reassigning the order of the conditions for each subject. PLS is recalculated for each permutation sample and the frequency which the permuted singular value exceeds the observed singular values is determined and expressed as a probability. In a second independent step, the reliability of the saliences for the brain voxels across subjects, characterizing each pattern identified by an LV, was determined by bootstrap resampling, using 500 iterations, to estimate the standard errors for each voxel. Clusters larger than 100 mm 3 comprising voxels with a ratio of the salience to the bootstrap standard error values (i.e., the ''bootstrap ratio''; BSR) greater than 4 (P < 0.0001) were reported. The local maximum for each cluster was defined as the voxel with a BSR higher than any other voxel in a 2-cm cube centered on that voxel. PLS identifies whole-brain patterns of activity in a single analytic step, thus, no correction for multiple comparisons are required.
Resting-State Functional Connectivity MRI
In the rsfcMRI analysis, we replicated the default, attention, and control networks following previously established methods (Vincent et al. 2008; Spreng, Stevens, et al. 2010) . Two left hemisphere seed ROIs were defined a priori and used to produce each of the 3 networks: For the default network, hippocampal formation (HF; -22, -22, -22) and pIPL (-47, -71, 29) ; for the attention network, MT+ (-48, -70, 0) and SPL (-27, -52, 57); and for the control network, RLPFC (-36, 57, 9) and aIPL (-52, -49, 47) . For each participant, the mean BOLD signal time course was extracted from each of the 6 spherical ROIs, centered on the foregoing coordinates, with a radius of 8 mm. The correlation coefficient for each of these time courses with the time course for every voxel in the brain was computed using Pearson's productmoment formula. These values were then converted to z-values using Fisher's r-to-z transformation. Whole-brain voxel-wise z'-maps were then subjected to random-effects analyses to assess statistical significance across all 36 participants at the group level using t-tests performed in SPM2 (threshold P < 0.01). We then derived conjunction maps for each network where only those voxels that were significant in both t-maps (one map for each of the 2 ROIs for each network, conjoint probability of P < 0.001) were retained. Even though all brain regions displayed in the network maps are correlated with the 2 seeds, this does not necessarily imply that functional connectivity exists between all regions (c.f. Habeck and Moeller 2011) . For example, in the map of the attention network, all regions are significantly associated with both the left MT+ and left SPL. This observation does not necessarily mean that the right iPCS is also functionally connected with the left FEF. Furthermore, functionally connected regions are not necessarily indicative of direct (i.e., structural) connections. Partial correlation analysis is one method of assessing direct connectivity when analyzing the regional time courses of activity (e.g. Fransson and Marrelec 2008) . Seed-based approaches, as implemented in the current analysis, are effective in determining the spatial extent of the a priori networks engaged by the planning tasks (see Spreng, Stevens, et al. 2010 ) but data-driven approaches, such as ICA, also provide a measure of the spatial coherence of resting-state fluctuations across a distributed set of regions.
Network ROI Analysis
We quantitatively assessed the degree to which the tasks differentially engaged the 3 networks as defined by the rsfcMRI analysis in additional analyses. Using each of the 3 intrinsic connectivity networks (i.e., default, attention, and control) as a priori ROIs, we extracted the percent BOLD signal change within each network for each task. This analysis allowed us to examine relative task-related activation and deactivation. The initial task PLS analysis identified engagement of the control network by both visuospatial and autobiographical planning tasks only in the left lateral and medial cortex. As such, we restricted our subsequent network ROI analysis of the control network regions inclusive to the lateral coordinate x = 12.
For each subject, the mean BOLD signal between 10 and 20 s posttrial onset (the peak BOLD response window) was calculated for both the autobiographical planning and Tower of London task conditions, relative to the counting condition, within each of the 3 networks. We conducted a mixed model 3 3 2 3 2 ANOVA with network (default, attention, and control) and task (autobiographical planning vs. visuospatial planning) as within-subjects factors and age group as a between-subject factor to assess differences in the magnitude of BOLD signal change within each network, for the 2 planning tasks, across groups. Significance levels were adjusted for multiple comparisons using the Bonferroni correction (a = 0.05). In each group, 6 single sample t-tests were performed to determine significant differences in percent BOLD signal change from the counting baseline condition. Network engagement was also assessed relative to trial onset at fixation (see Supplementary Experimental Procedures).
Network Coupling
In a previous study, we demonstrated that the control network flexibly shifts its coupling between attention and default networks (Spreng, Stevens, et al. 2010) . In order to examine this relationship in young and old adults, we correlated the progression of BOLD activity across the trial, from 2.5 to 30 s posttrial onset, during Tower of London, and autobiographical planning trials, relative to counting, for the default and attention networks with that of the control network in each subject. Using Fisher's r-to-z transform, we conducted a 2 3 2 3 2 mixed ANOVA with network (default vs. attention) and task (autobiographical planning vs. visuospatial planning) as within-subjects factors and age group as a between-subject factor to assess differences in the magnitude of correlation of these networks with the control network across tasks and group. Simple main effects were adjusted for multiple comparisons using the Bonferroni correction (a = 0.05). Additionally,network and the default and attention networks, during both autobiographical and visuospatial planning conditions, was assessed in 4 single sample t-tests per group. Network coupling was also assessed relative to trial onset at fixation (see Supplementary Experimental Procedures).
Correlations with Age
To assess the effect of age, we carried out a second PLS analysis. Behavior PLS is a multivariate analysis technique used to investigate the relationship between any behavioral variable (age, difficulty, and RT, etc.) and the fMRI signal in each brain voxel (Krishnan et al. 2011) . In this behavior PLS analysis, we used age as a continuous variable to assess how age covaried with brain activity during the tasks. Age values were correlated with activity in all brain voxels, across participants. This correlation matrix was then analyzed with singular value decomposition, assessed for statistical significance by permutation testing, and for reliability by bootstrap resampling, as described above.
Results

Behavioral Results
All subjects performed a visuospatial and autobiographical planning task, as well as a baseline counting control task (Fig. 1) . Behavioral data, collected at the end of each trial and in the postscan interview for autobiographical planning, confirmed participant compliance (see Table 1 for means, standard deviation [SD], t, and P values). Across trials, Tower of London task performance differed between groups: although equivalent on the easiest, three-move trials, performance of younger adults exceeded that of old adults on trials with 4, 5, and 6 moves. Both groups' performance declined as puzzle difficulty increased. Both groups formed detailed autobiographical plans (i.e., plans rated as > 2), although the extent of detail for each plan approached significance in favor of the young. Both groups generated a high proportion of plans with some detail, although the young generated more. Overall, between a quarter and a fifth of all plans reflected ongoing activities. Excluding ongoing plans, old adults anticipated executing their plans nearer in time to the present than did young adults, consistent with previous observations of a foreshortened temporal horizon in old adults (Spreng and Levine 2006) . Young adults were more confident in anticipated completion of their plans. Participants indicated that many of the goals had been given some prior consideration by the participants, as indicated by low novelty ratings in both groups. Goals were evaluated to be fairly easy to plan for, although old adults found planning in the scanner to be more difficult than did younger adults (plan difficulty ratings, however, were not significantly associated with brain activity, nor was there an age by difficulty interaction in a behavior PLS analysis, P = 0.336). The plans made were anticipated to be fairly easy to fulfill for both groups. Accuracy on the counting task was significantly greater in the young (t = 5.40, P < 0.001; Young mean 0.95 ± 0.06; Old mean 0.78 ± 0.11). Three old adults complained that it was difficult to distinguish letters within the blue discs in this condition, although they did not have difficulty reading words in blue discs in noncounting trials. This difficulty was not encountered during pilot sessions outside of the scanner. There were no differences, however, in brain activity during the counting condition when comparing old adults to the young (P = 0.107).
There were no differences in RT between conditions (F 2,33 = 2.10, P > 0.10) and no group by condition interaction for the RT data (F 2,33 = 2.10, P > 0.10); RTs for visuospatial planning 
fMRI Results
Partial Least Squares A significant pattern of activity dissociated the 2 planning tasks (accounting for 65.15% of the covariance in the data; P < 0.001; Fig. 2A, Supplementary Table 1) . Visuospatial planning task performance was associated with increased BOLD signal in attention network regions, as well as right lateral control network structures, including the aIPL, MFG, and RLPFC. Conversely, autobiographical planning task performance was associated with increased BOLD signal in default network regions. Activity associated with counting was not captured by this LV and was near zero. A second significant pattern of activity, orthogonal to the first, dissociated the counting task from both planning tasks, for which activity covaried together (accounting for 25.22% of the covariance in the data; P < 0.001; Fig. 2B, Supplementary Table 2 ). The pattern of activity common to both planning tasks was consistent with the left lateral and medial control network, including RLPFC, MFG, aIPL, PCu, and dACC. The third and fourth LVs, representing age by task interactions, were not significant (accounting for 6.52% and 3.10% of the covariance in the data, respectively; LV3 P = 0.12; LV4 P = 0.78).
Resting-State Functional Connectivity MRI
A rsfcMRI analysis replicated the default, attention, and control networks using the same seed regions (Fig. 3) and following the same methods as Vincent et al. (2008) . The default network comprised MPFC, PCC, and bilateral medial temporal lobes, including hippocampus, lateral temporal lobe, inferior frontal gyrus and pIPL. The attention network comprised bilateral FEF, iPreCS, SPL, and MT+. The control network comprised the PCu, dACC, and bilateral aIPL, RLPFC, MFG, and aINS (Fig. 3) .
Network ROI Analysis
We determined the mean magnitude of the task-related hemodynamic response within each of the network ROIs. by guest on October 5, 2012
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There was a significant network by task interaction (F 2,33 = 80.21, P < 0.001). For visuospatial and autobiographical planning, there were significant differences in the magnitude of BOLD activity in the attention and default networks. Across both groups, there was a significantly greater BOLD response in the attention network during visuospatial planning than autobiographical planning. Conversely, there was a significantly greater increase in BOLD activity in the default network during autobiographical than visuospatial planning. No differences, however, were observed in percent BOLD signal change in the control network between planning tasks. There was also a significant network by group interaction (F 2,33 = 3.94, P < 0.05), where greater activity in the default network was observed in the old. This effect was restricted to a significant age effect for default network activity during visuospatial planning (F 1,34 = 6.00, P < 0.05), Task-evoked activity demonstrate that (A) the default network was primarily engaged by autobiographical planning but only suppressed in the young for visuospatial planning (B) the attention network was primarily engaged by visuospatial planning and suppressed during autobiographical planning, (C) the control network was primarily engaged by activity underlying both planning tasks. * indicates significant task difference in BOLD signal from baseline. HF, hippocampal formation; pIPL, posterior inferior parietal lobule; MTþ, middle temporal motion complex; SPL, superior parietal lobule; RLPFC, rostrolateral prefrontal cortex; aIPL, anterior inferior parietal lobule.
even though the task by network by group interaction omnibus test was not significant (F 2,33 = 1.03, P > 0.35). Default network activity during visuospatial planning was significantly greater in old adults than the young. This difference persisted even when comparing average BOLD signal relative to fixation, rather than to counting (t 34 = 1.82, P < 0.05, single-tailed). No other age effects approached significance. In all 3 networks, there were significant differences in percent signal change in the predicted direction in the young group. Within the attention network, there was an increase in BOLD signal for visuospatial planning (t 17 = 5.47, P < 0.001) and a decrease for autobiographical planning (t 17 = -3.90, P < 0.01). Within the default network, there was a decrease in BOLD signal for visuospatial planning (t 17 = -2.26, P < 0.05) and an increase for autobiographical planning (t 17 = 7.36, P < 0.001). Within the control network, there was an increase in BOLD signal for both visuospatial (t 17 = 5.22, P < 0.001) and autobiographical planning (t 17 = 5.14, P < 0.001). In old adults, this pattern was largely preserved with one notable difference. As with younger adults, within the attention network, there was an increase for visuospatial planning (t 17 = 6.43, P < 0.001) and a decrease in BOLD signal for autobiographical planning (t 17 = -2.25, P < 0.05). In the default network, there was an increase in BOLD signal for autobiographical planning (t 17 = 7.44, P < 0.001). Within the control network, there was an increase in BOLD signal for both visuospatial planning (t 17 = 3.72, P < 0.01) and autobiographical planning (t 17 = 3.16, P < 0.01). In contrast to the young, however, BOLD activity within the default network of old adults during visuospatial planning did not differ from baseline (t 17 = 1.64, P > 0.10). This pattern of results persisted when comparing tasks to fixation (see Supplementary Material) This univariate analysis of percent BOLD signal change within each intrinsic connectivity network was largely consistent with the multivariate findings of task related activation (Fig. 3) . This approach provided additional evidence not present in the PLS results, however. Although both groups recruited the 3 networks appropriately for the tasks, old adults failed to deactivate the default network during visuospatial planning.
Network Coupling
Next, we assessed in both groups the magnitude of BOLD signal correlations between default and attention networks on the one hand, with the control network on the other, for the visuospatial and autobiographical planning tasks. There was a significant task by network by age interaction (F 1,34 = 9.94, P < 0.01; Fig. 4 ). In the young, correlations of control network activity were significantly greater with attention network activity than default network activity during performance on the visuospatial planning task. Conversely, correlations of control network activity were significantly greater with default network activity than attention network activity during autobiographical planning. Unlike young adults, correlations of control network activity did not differ in old adults with attention and with default network activity during performance on the visuospatial planning task. Like young adults, correlations of control network activity were significantly greater with default network activity than with attention network activity during autobiographical planning. The magnitude of correlation between the default network and the control network during visuospatial planning was significantly greater in the old than the young.
In young adults, correlations between the control network and the attention network were significantly greater than zero for visuospatial planning (mean z' = 1.24, SD = 0.49; t 17 = 10.66, P < 0.001) but not during autobiographical planning (mean z' = 0.19, SD = 0.66; t 17 = 1.27, P > 0.20). Additionally, correlations between the control network and the default network were significantly greater than zero for autobiographical planning (mean z' = 1.10, SD = 0.48; t 17 = 9.76, P < 0.001) but not during visuospatial planning (mean z' = 0.33, SD = 0.80; t 17 = 1.73, P > 0.10) in the young. In old adults, correlations with the control network were all greater than zero. Correlations between the control network with the attention network were significantly greater than zero for visuospatial planning (mean z' = 0.93, SD = 0.70; t 17 = 5.61, P < 0.001) and during autobiographical planning (mean z' = 0.37, SD = 0.67; t 17 = 2.32, P < 0.05). Finally, correlations between the control network and the default network were significantly greater than zero for autobiographical planning (mean z' = 1.02, SD = 0.67; t 17 = 6.52, P < 0.001) and during visuospatial planning (mean z' = 1.16, SD = 0.82; t 17 = 6.00, P < 0.001) in old adults. See Figure 4 . Simple main effects did not differ when comparing brain activity relative to trial onset at fixation (See Supplementary Experimental Procedures).
Correlations with Age
Finally, we used 3 analyses to examine age-related changes in brain activity that was specifically associated with the planning tasks. These analyses identified significant patterns of correlation, where activity was linearly associated with age during visuospatial planning (r = -0.84, P = 0.044), autobiographical planning (r = -0.74, P = 0.014), and a shared pattern of age- Figure 4 . Control network coupling modulated by task in young and old adults. In the young adults, the control network is reliably correlated with the default network during autobiographical planning, but not during visuospatial planning, across the trial interval. Also in the young, the attention network is reliably correlated with the control network during visuospatial planning but not during autobiographical planning. In the old adults, the control network is reliably correlated with the default network during autobiographical and visuospatial planning. Also in the old adults, the attention network is reliably correlated with the control network during visuospatial planning, and to a lesser extent, autobiographical planning. The magnitude of correlation between the control and default network during visuospatial planning is significantly different between young and old adults. Standard error of the mean is between subjects effect. *P \ 0.01; **P \ 0.001; y significant difference from baseline. related correlations for both tasks (visuospatial planning r = -0.60, autobiographical planning r = -0.72; P = 0.003) ( Supplementary Fig. 1 and Table 2 ). During visuospatial planning, increasing age was associated with greater levels of activity in the PCC and MPFC (Fig. 5) . This association provides converging evidence with the network ROI analysis that showed a failure to suppress default network activity in the old adults during visuospatial planning. Only the dACC of the control network showed an effect of age during both planning tasks. For a complete list of regions where BOLD signal covaried with age, see Supplementary Table 2.
Discussion
We examined patterns of large-scale network activity during performance on a visuospatial planning task, the Tower of London, and an autobiographical planning task. In both young and old adults, autobiographical planning robustly engaged the default network, consistent with its involvement in internalized cognition. Likewise, visuospatial planning engaged the attention network, consistent with its involvement in externalized attention. Both planning tasks engaged the control network in young and old adults. Although task-related engagement of the networks did not differ between young and old, robust age differences were observed in the activity of the default network during visuospatial planning. Old adults showed a failure to deactivate the default network. Age-related differences also emerged in default network interactivity. During autobiographical planning, the young's control network activity coupled with the default network and decoupled from the attention network. Conversely, during visuospatial planning, the control network coupled with the attention network and decoupled from the default network. The flexibility of the control network's coupling in support of goal-directed cognition was different in old adults. During autobiographical planning, old adults' control network activity coupled with the default network and during visuospatial planning, the control network activity coupled with the attention network. Unlike young adults, during visuospatial planning old adults' default network did not decouple its activity from the control network. These data provide novel evidence that both young and old adults engage the default network during autobiographical planning. Unlike young adults, however, old adults failed to deactivate the default network, and decouple its activity from the control network during visuospatial planning.
The data from the young adults replicate our findings from a previous study that used different autobiographical stimuli (Spreng, Stevens, et al. 2010) , thereby indicating that our initial results are robust. The current results provide additional evidence supporting the involvement of the default network, when coupled with the control network, in goal-directed cognitive processes. Consistent with prior reports, visuospatial planning engaged the attention network (e.g. Morris et al. 1993; Baker et al. 1996; Newman et al. 2003; Spreng, Stevens, et al. 2010) . Depending upon task domain, the control network flexibly coupled with either the default or attention network to support the goal-directed integration of information over time (Spreng, Stevens, et al. 2010) . Similar patterns of large-scale network dynamics have been replicated using different analytic methods during task performance (Gao and Lin forthcoming) and examining low-frequency BOLD signal oscillations at rest (Doucet et al. 2011; Deshpande et al. 2011) . These studies provide accumulating evidence that competition between the default and attention networks is mediated and sustained by the control network (c.f. Smallwood et al. 2012) .
Old adults' failure to suppress default network activity during visuospatial planning adds to studies that have found the same effect with other tasks (Lustig et al. 2003; Grady et al. 2006; Persson et al. 2007; Park et al. 2010; Sambataro et al. 2010) . In previous studies, deactivation has been observed as a relative difference in activity between task and fixation. Old adults' failure to deactivate, however, could be attributed to differences in the recruitment of the default network during fixation intervals and not during the task itself. The current data cast doubt on this explanation because the age-related difference in default network activity during visuospatial planning was not due to relative differences between visuospatial planning and fixation conditions. Rather, the analysis of network activity was determined as change in BOLD signal from trial onset during the visuospatial planning task, not relative to another task. Importantly, old adults activated the default network during performance on the autobiographical planning task. These data therefore suggest that although old adults' fail to deactivate the default network during visuospatial planning, the autobiographical processes supported by the default network remain intact. Furthermore, evidence for a failure to deactivate the default network may not be evidence of compromised network integrity or function.
When we compared the coupling of the control network with the default and attention networks in young and old adults, we observed a task by network by age interaction. During visuospatial planning, activity in the young adults' control network is coupled with the attention network and decoupled from the default network. Activity in old adults' control network during visuospatial planning, however, was coupled with the attention and default networks. These findings are consistent with the observation that during performance on an n-back task, old adults had greater coupling between regions of the default and control networks, compared with the young (Sambataro et al. 2010) . Coupling between regions of the default and control networks cooccurred with a failure to deactivate the default network (Sambataro et al. 2010) . The difference in default network coupling with the control network observed here persists whether activity is observed relative to the counting condition or relative to trial onset at fixation. It is also important to note that in old adults, it is not that default network activity persists at a higher idling rate across conditions. Activity was mean centered to trial onset, and we analyzed BOLD signal change expressed as deviation from onset. No differences would be observed if activity were constant. Instead, the data suggest that old adults' default network activity tracks with the control network over time across both planning tasks. Indeed, in old adults, the magnitude of default network coupling with the control network did not differ between visuospatial and autobiographical planning.
Trends for age-related differences were also observed in the control network coupling with the attention network during autobiographical planning. During autobiographical planning, young adults' attention network was decoupled from the control network (i.e., the magnitude of correlation did not differ from zero). The difference between young and old adults' attention network coupling did not reach significance. During autobiographical planning in old adults, however, control network coupling with the attention network was significantly greater than zero. Overall, the failure to deactivate the default network and attenuated decoupling with the control network are suggestive of a reduction in the dynamic range of neural activity in old adults and a reduction of large-scale network flexibility in the context of changing task demands (c.f. Garrett et al. 2010 Garrett et al. , 2011 .
Domain-specific and general aging effects in autobiographical and visuospatial planning also emerged. During visuospatial planning, not only did old adults show elevated PCC and MPFC brain activity, but also greater activity in right lateral prefrontal cortex, which has been a reliable observation across neuroimaging studies where old adults perform worse than young adults (Rajah and D'Esposito 2005; Spreng, Wojtowicz, et al. 2010) . While recruitment of the default network as a whole was equivalent between young and old adults, age-related differences in activity during autobiographical planning were observed in right temporoparietal junction, retrosplenial cortex, and SFG. Some regions showed age-related changes during both visuospatial and autobiographical planning. One of the first (Grady et al. 1994 ) and most reliable (Spreng, Wojtowicz, et al. 2010 ) age-related effects in neuroimaging was observed with young adults having increased activity in occipital regions. A region in dACC (MNI coordinate: -2, 10, 54) was the only region in the control network to show an agerelated change in activity during the autobiographical and visuospatial planning tasks. Future work is required to determine if this region is involved in the broader role of the control network maintaining the dynamic balance between the default and attention networks, seen here to be disrupted with advancing age. Another control network structure, the aINS, a region that is intrinsically connected with the dACC, has been shown to play a role in the dynamic balance between the default and attention networks (this subnetwork of regions has been referred to as the ''salience network''; Menon and Uddin 2010, see also Menon 2011 ).
An important and unresolved question concerns whether changes to the default network with advancing age align along a continuum to Alzheimer's disease. Task-induced deactivation of the default network is significantly attenuated in Alzheimer's disease (Lustig et al. 2003) . The failure to deactivate the default network may not be progressive or insidious in the course of healthy aging, however. In a longitudinal study examining taskinduced deactivation, regional cerebral blood flow comparing baseline and 8-year follow-up shows relative stability of activity during fixation over time in MPFC, PCC, and the medial temporal lobe (Beason-Held et al. 2009 ). Poorer episodic memory performance in old adults has been associated with reduced functional connectivity between PCC and MPFC (Andrews-Hanna et al. 2007 ) and between PCC and HC ). Yet changes to the integrity of the default network may not be due to aging per se but rather specific to pathological aging (Buckner 2004; Greicius et al. 2004 ). Evidence from beta-amyloid imaging in clinically healthy old adults suggests that higher amyloid burden is associated with reduced functional connectivity among regions within the default network (Hedden et al. 2009; Sheline et al. 2010) . Additionally, differences in default network connectivity have been observed in healthy carriers of the APOE-e4 allele, a genetic risk factor for Alzheimer's disease (Filippini et al. 2009; Machulda et al. 2011 , Westlye et al. 2011 .
Additional work is required to examine the behavioral significance of, and relationship between, changes in taskinduced deactivation, functional connectivity, and task-evoked activity within the default network. In the current analysis, extracting intrinsic connectivity networks based upon seed regions was effective in determining the spatial extent of the a priori networks involved in the tasks. However, future work is needed to isolate specific age-related connectivity changes between regions of the control and default network that predict the failure to deactivate, and persistent coupling of, the default network. High dimensional ICA, unlike a seed-based approach, may be effective in defining functional regions that comprise large-scale networks, in a data-driven manner, prior to assessing their covariance patterns (e.g. Shirer et al. forthcoming) . Some promising methods for defining regions and assessing group differences in the patterns of functional connectivity are emerging (e.g., Varoquaux et al. 2010) .
In this study, old adults failed to deactivate the default network during visuospatial planning and had higher levels of default to control network coupling compared with the young. In contrast, during performance of an autobiographical planning task, young and old adults showed equivalent and robust engagement of the default network. These findings indicate that a failure of old adults to deactivate the default network during externally directed tasks is not necessarily indicative of default network dysfunction in support of internally focused cognition. Across tasks, old adults demonstrated high levels of control network coupling with the default and attention network, indicative of a lower degree of flexible network interactivity and a reduced dynamic range of network modulation to changing task demands. These data are consistent with findings suggesting that declining executive control processes may reflect reduced neuromodulatory capacity in the aging brain (Craik and Bialystok 2006; Park and Reuter-Lorenz 2009) . Gazzaley et al. (2005) and Gazzaley and D'Esposito (2007) have reported that while old and young adults activate goal-relevant representations in visual association cortex similarly, old adults show a selective deficit in their ability to suppress irrelevant representations, indicative of a reduced ability to modulate (i.e., suppress) brain activity in response to shifting cognitive demands. These data suggest that top-down modulation is an emergent property of functional connections between lateral prefrontal cortex and visual association cortex and that these connections decline with normal aging. Reduced multitasking performance in old adults has also been associated with the ability to dynamically engage and disengage lateral prefrontal cortex coupling with category selective regions of visual association cortex, based on shifting task demands (Clapp et al. 2011) . Goal-directed modulation of visual association cortex has been related to shifts in the coupling of this extrastriate region with large-scale brain networks in younger adults (Chadick and Gazzaley 2011) . Taken together, these data suggest that executive control deficits in aging may be associated with impaired dynamic coupling of attention with secondary association cortices. Our data support and extend these findings by suggesting that age-related declines in neuromodulation may be evident at the level of large-scale, spatially distributed brain networks. Furthermore, our data suggest a more distributed, interacting control network model of reduced neuromodulatory capacity in healthy aging. 
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